Fault and fracture networks play an important role in sub-surface fluid flow and can act to 9 enhance, retard or compartmentalise groundwater flow. In multi-layered sequences, the internal structure 10 and growth of faults is not only controlled by fault throw, but also the mechanical properties of lithologies 11 cut by the fault. This paper uses geological fieldwork, combined with fault and fracture mapping, to 12 investigate the internal structure and fault development of the mechanically stratified Limestone Coal 13 Formation and surrounding lithologies exposed at Spireslack Surface Coal Mine. We find that the 14 development of fault rock, and complexity of a fault zone is dependent on: a) whether a fault is self-15 juxtaposed or cuts multiple lithologies; b) the presence and behaviour of shale, which can lead to 16 significant bed-rotation and the formation of fault-core lenses; and c) whether pre-existing weakness (e.g. 17 joints) are present at the time of faulting. Pre-existing joint networks in the McDonald Limestone, and 18 cleats in the McDonald Coal, influenced both fault growth and fluid flow within these lithologies.
parallel to the strike of bedding (e.g. Nicol et al. (1996) ; Soliva & Benedicto (2005) ; Roche et al. (2013) ). 33 In addition to mechanical stratigraphy, pre-existing weaknesses play an important role in the nucleation 34 and development of faulting (Crider and Peacock, 2004) .The impact pre-existing weaknesses have on 35 fault growth depends on the orientation of a weakness relative to the growing fault and the stress ratio 36 (Lunn et al., 2008; Peacock, 2001) . The presence of pre-existing weaknesses can also influence the 37 development of fault rock. For example, Soden & Shipton (2013) demonstrated that layer and joint 38 spacing in ignimbrites affected the aspect ratio of clasts found within the fault core. Of course, mechanical 39 stratigraphy itself influences the orientation of pre-existing weaknesses (Wilkins and Gross, 2002) . 40 Fluvial-deltaic sequences are characterised by cyclical sequences of limestone, sandstone, siltstone, seat-41 earth, shale, and coal (Thomas, 2013) . The competent lithologies in the sequence (limestone and 42 sandstone) commonly contain joints. Coal has a unique, distinctive blocky texture due to the presence of 43 two roughly perpendicular fracture sets called cleats (Laubach et al., 1998) . Cleats are ubiquitous in coals 44 as diagenesis takes place, and thus represent pre-existing weaknesses which may affect the location, 45 orientation and length of faults (e.g. Peacock (2001) ; Walsh et al. (2002) ). 46 This study utilises exceptional exposures of the Limestone Coal Formation (LCF) exposed at Spireslack 47 Surface Coal Mine (SCM), Scotland, to investigate the effect of lithology and pre-existing structures on 1. Define sets: Six 'Interpretation boxes' were added as shape files to the ArcGIS (three along the 123 dip-slope and three along the high wall) and the orientation of faults and the fractures within 124 them analysed. Length-weighted rose diagrams with 5° bin widths were used to interpret the 125 'orientation sets' in the network using NetworkGT (Nyberg et al., 2018) . The digitised fault and 126 fracture data sets were then combined using the merge function in ArcGIS, and all three 127 investigated separately. 128 2. Branch & Nodes: The topology of the network was extracted using the 'Branch and Node' tool, 129 which splits the fracture trace poly-line file into individual branches, and assigns nodes as a 130 separate point-files (Nyberg et al., 2018) . The resulting network was visually checked for errors 131 (e.g. incorrectly assigned nodes) and manually adjusted in ArcGIS to remove spurious nodes and 132 branches. Data were then exported to excel for further analysis. Fractures at Spireslack SCM typically occur in two orthogonal directions that vary throughout the site 158 (NS and EW) and can be classified as either joints or shear fractures (often found in the proximity to 159 faults). Away from faults, joints in the McDonald Limestone form two orthogonal barren sets trending 160 roughly NE-SW and NNW-SSE. Orientation of these sets vary, with up to 20° of strike rotation observed 161 throughout the site. Cross cutting relationships show that there are multiple 'age sets' (Figure 2a ). NE-162 SW joints formed initially followed by sparsely spaced NE-SW joints then more NE-SW joints, which 163 abut against the pre-existing NNW-SSE trending joints. Finally, a dense network of N-S joints abuts 164 against both sets of E-W trending joints. 165 Calcite mineralisation is observed in the vicinity of, and along, primarily NW trending shear fractures 166 ( Figure 2b ). Mineralisation occurs as two styles: 1) amorphous, where no growth structures are present 167 and occasional fragments of limestone are observed within the mineralised zone, or 2) with syntaxial 168 growth textures suggesting both sinistral and dextral motion during mineralisation. Along fault planes 169 and within a few meters of faults, composite veins commonly occur, with multiple growth stages and Self-Juxtaposed Faults, with offset less than 3 m, form either isolated strands (e.g. west of the void), or a 250 network of sinistral and dextral strands (e.g. near the centre of the void) ( Figure 3 ). The internal structure 251 of self-juxtaposed faults depends on the lithology that the fault strand cuts ( Figure 4 , Table 1 ). Only large 252 offset fault strands can be traced between beds (e.g. the 5 m offset fault cutting the western panel; Figure   253 3), apart from where large packages of sandstone are found (e.g. the Spireslack Sandstone). For 254 lithologically restricted faults, trace length is typically low and well connected, with strands typically 255 abutting against another fault strand in < 15 m. 256 The majority of faulting at Spireslack SCM fits a sinistral-offset strain-ellipse ( Figure 3c ). In this model in the centre of the void. Bedding, which dips towards the south, matches a fold axis of 042°/80° N and 260 is likely to have been developed under the same stress state as the regional Muirkirk syncline. Faulting 261 that cuts the earlier structures (e.g. the oblique sinistral fault and minor dextral fault strands) does not fit 262 within this strain ellipse, and likely formed under a later dextral strain ( Figure 3c ). In addition to the two 263 phases of strike-slip tectonics, Paleogene dykes are observed exploiting pre-existing N-W trending fault 264 strands. These locally display pods of edge brecciation similar to that developed along faults in limestone, 265 and show dip-slip lineations suggesting there could have been a late stage of normal faulting. 266 https://doi.org/10.5194/se-2019-202 Preprint. Discussion started: 16 January 2020 c Author(s) 2020. CC BY 4.0 License.
Fault observations

Lithology
Self-juxtaposed fault characteristics McDonald Seat Earth Segment linkage, folding, and increased fracturing between strands led to the development of a highly asymmetric damage zone ( Figure  4a ,f). Faults typically barren, only displaying yellow alteration and occasionally pyrite.
McDonald Limestone
Self-juxtaposed faults, associated relay zones, and nearby N-S trending joint sets, are mineralised (calcite), display high displacement to length ratios (2.4 to 2.8), and show extensive folding of the surrounding lithologies ( Figure 5 .4f). Strands often abut against favorably orientated pre-existing joints.
Coal
Fault strands are characterised by a fault core comprising of a 5 to 20 cm thick zone of ankerite, with occasional calcite mineralisation, brecciated coal and pyrite ( Figure 4c ). The fault core is discontinuous along strike, with displacement transferring to other strands after 1 to 5 meters ( Figure 2c ). The gentle folding of the bed between strands is taken up by a symmetric zone of damage consisting of increased fracturing, en-echelon veining and mineralised shear fractures. The structures represent a continuation of the processes discussed in Section 4.1.1.
Shale
Fault strands are rarely observed. High angle thrusts (40° to 60°) dominate, with bed parallel folding picked out by ironstone concretions (Figure 4d ), which themselves can display internal deformation (tension gashes). Near self-juxtaposed faults a cleavage is developed sub-parallel to the fault plane, which combined with slickenfibers on competent bedding planes suggests bed-parallel slip. . 451 The joints at Spireslack SCM formed both prior to and associated with faulting: the sparsely spaced joint 452 set likely forming in response to far-field stress fields during burial, and later sets related to the early 453 stages of faulting and folding associated with the Muirkirk Syncline. This folding, and later faulting is 454 attributed to mid-to late Carboniferous sinistral transpression . A late-stage dextral 455 event locally reactivates these structures, reactivates cleats within the coal (Figure 2 d, (2003)), carbon capture and storage (Solomon, 2007) , and geotechnical engineering 558 (Donnelly, 2006) . 559 The amount of strike-slip on these faults is not quantified: the irregularity in the slip vectors makes 560 calculations of total slip based on dip slip and slickenlines unreliable. However, the total slip is likely to 561 be substantially greater than the observed dip-slip with slickenlines between 5 and 30 degrees rake, the 562 total slip will be 2 to 11.5 times the dip-slip distance. The total thickness of all fault strands is low, with 563 a maximum thickness of fault rock of 1.4 m (including fault-core lenses), and typically <30 cm. This 564 value is low even for scaling of dip-slip displacement and thickness. This implies that the fault zone 565 thickness has not grown as a function of the total slip. 566 The orientation of the pre-existing weaknesses and bedding with respect to the fault growth geometry is 567 different for strike slip faults than normal faults. We find the growth of mineralised shear fractures and 568 self-juxtaposed faults in coal to be retarded by the pre-existing joint network (Figure 2 & 7) , it is instead primarily bedding which cause the termination of fault strands. Although 580 this is similar to normal faults in mechanically layered sequences (Ferrill et al., 2017) , the effect is less 581 than would be expected and single through-going footwall strands are often observed. This suggests that 582 the orientation of bedding and bed-perpendicular will have a significantly significant impact in the growth 583 of strike slip faults than dip-slip faults. 584 https://doi.org/10.5194/se-2019-202 Preprint. Discussion started: 16 January 2020 c Author(s) 2020. CC BY 4.0 License.
Conclusions
585
The exceptional exposures of the Limestone Coal Formation exposed at Spireslack SCM enabled the 586 effect of lithology and pre-existing structures on the internal structure, fluid flow properties, and growth 587 faults to be investigated. We find that the internal structure of fault strands is strongly affected by: a) the 
